Background: Socioeconomic status (SES) is associated with stroke incidence and mortality. Distribution of stroke risk factors is changing worldwide; evidence on these trends is crucial to the allocation of resources for prevention strategies to tackle major modifiable risk factors with the highest impact on stroke burden.
Background
Among 240 causes of death, stroke is globally the second cause of death after ischaemic heart disease [1] , and it is projected to remain so by 2030 [2] . This rank varies slightly across low-income countries (LICs), lowermiddle-income countries (LMICs), upper-middleincome countries (UMICs), and high-income countries (HICs) as classified by the World Bank (Table 1 ) [3] . Further, stroke survivors may suffer from disabilities, requiring temporary or lifelong assistance, resulting in an enormous burden, both in human and economic costs. Evidence suggests that socioeconomic deprivation is not only associated with stroke and its risk factors, but also increases stroke severity [4] and mortality [5] , and stroke incidence at younger ages [4] .
Distribution of stroke risk factors in the context of socioeconomic status is changing worldwide (SES; Additional file 1: Text S1); understanding these trends is helpful in reducing the risk, through allocation of resources to those modifiable risk factors with the highest impact on stroke ( Fig. 1) . From 1990 to 2010, the age-standardised incidence of stroke decreased significantly by 12% in HICs, while in LMICs, it increased, although non-significantly, by about 12% [6] . However, mortality rates decreased significantly in both groups of countries (mean 37% in HICs vs. 20% in LMICs), of which 31% (with about 80% of it in LMICs) were in children and young adults (below 65 years) [6] . Further, the available evidence indicates that almost 90% of cardiovascular disease, including stroke and myocardial infarction, is caused by potentially modifiable risk factors [7] . We aimed to study the global and SES-specific stroke incidence, prevalence, burden, and mortality and to estimate the role of age, sex, and modifiable risk factors in stroke mortality. Table 1 Age-standardised all-cause global mortality rank in 1990 and 2017 being classified by World Bank income levels (extracted from [8] )
Methods
We extracted data from the Global Burden of Diseases, Injuries, and Risk Factors Study (GBD) 2017, coordinated by the Institute for Health Metrics and Evaluation, as of 19 May 2019 [8] . We reported global and SESspecific rates of age-standardised and age-specific stroke incidence, prevalence, mortality, and disability-adjusted life years (DALYs) lost per 100,000 population with 95% uncertainty interval (UI) based on the 25th and 975th values of the ordered 1000 draws between 1990 and 2017. The method for estimating the parameters is explained elsewhere [9] [10] [11] . In summary, the GBD enterprise originated from the 1990 World Bank study that was commissioned to measure the status of global health. It comprises information from multiple sources including multiple databases such as MEDLINE, EMBASE, LILACS, Scopus, PubMed and Science Direct, Global Health Database, WHO library and WHO regional databases, VR systems, sample registration systems, household surveys (complete birth histories, summary birth histories, sibling histories), censuses (summary birth histories, household deaths), and Demographic Surveillance Sites (DSS). DisMod-MR 2.0 was used as a meta-regression tool to pool the case fatality data and generate location-year-age-sex-specific case fatality rate estimates.
SES was defined based on the gross national per capita income, as classified by the World Bank (i.e. low-income, lower-middle-income, upper-middle-income, or highincome) [3] , and the Socio-Demographic Index (SDI; i.e. low-SDI, low-middle-SDI, middle-SDI, high-middle-SDI, or high-SDI) being developed in the GBD 2016. We also retrieved ranks of ten leading causes of death and strokerelated death attributable to common modifiable risk factors in those regions. We calculated rates and proportions of the abovementioned factors in both and each sexes of different socioeconomic regions from 1990 to 2017. We assessed proportions of the incidence, prevalence, burden, and mortality of stroke in different age groups. Unless explicitly mentioned otherwise, all rates were agestandardised using the GBD standard and reported per 100,000 population [12] . We used Numbers (version 3.6.2 for Mac OS X, Apple Inc., USA) for data compilation, preliminary analyses, and making tables. We used Prism (version 6.0 h for Mac OS X, GraphPad Software Inc.) for analysis and making the graphs.
A B C D Fig. 1 Trends in age-standardised stroke a incidence, b prevalence, c mortality, and d disability-adjusted life years (DALYs) lost from 1990 to 2017 in different regions being classified as to the World Bank income levels (extracted from [8] )
Avan et al. BMC Medicine (2019) 17:191 Results Stroke incidence, prevalence, mortality, and burden
Based on the GBD 2017 [8] , the global crude number of new stroke events has increased by 76% (UI 71-80%) from 6.8 (UI 6.4-7.2) million new events in 1990 to 11.9 (UI 11.1-12.8) million in 2017 (Table 2 ). However, the age-standardised global stroke incidence rate (i.e. new stroke events per 100,000 population) decreased overall by 11% (UI 9-12%; − 15% in LICs, − 16% in LMICs, − 6% in UMICs, and − 21% in HICs) during the same period of time. The age-standardised global rate of new strokes became 150.5 (UI 140.3-161.8) per 100,000 in 2017. This decrease could be partly explained by more aggressive preventive measures and control of the risk factors. Nevertheless, despite a doubling of the global number of new ischaemic strokes from 1990 to 2017, there was no significant change in its age-standardised rate, while haemorrhagic events have significantly decreased globally and regionally during this period. Ischaemic strokes and intracerebral (not subarachnoid) haemorrhage seem to be more common in males than females; female to male ratio has decreased by 6% from 1990 to 2017. In contrast, stroke prevalence has increased over time from 1990 to 2017, likely because of longer survival and reduced mortality of people experiencing a stroke. In 2017, the crude number of people with a stroke was 104.2 million (UI 98.5-110.1), which has almost doubled, particularly for ischaemic stroke, compared to the number in 1990 ( Table 2 ). The global rate of agestandardised stroke prevalence has increased by 3% (UI 1-5%) from 1990 to 2017 to reach to 1300.6 (UI 1229.0-1374.7) per 100,000 in 2017; particularly in UMICs (11%, UI 8-14%). This increase in prevalence could be partly explained by improved healthcare (including screening, prevention, diagnosis, and treatment) and general awareness, which has extended the lifespan of stroke patients in these income categories. Contrarily, both LICs and HICs have exhibited a respective 3% (UI 1-5%) and 8% (UI 5-10%) decrease in the agestandardised rates of stroke prevalent cases by 2017. Of note, in contrast to ischaemic strokes, the agestandardised rates of haemorrhagic strokes have significantly decreased worldwide from 1990 to 2017.
Stroke is the second leading cause of death worldwide, with regard to the age-standardised global stroke mortality rate (i.e. stroke-related deaths per 100,000), and this rank has remained relatively constant in different regions since 1990 (Table 1) . Because of population growth, particularly among the elderly, the crude number of stroke events and mortality has dramatically increased worldwide from 1990 to 2017. However, compared to 1990, the agestandardised global (ischaemic and haemorrhagic) stroke mortality rate has decreased by 33% (UI 32-35; − 25% in LICs, − 23% in LMICs, − 36% in UMICs, and − 56% in HICs). There were 80.5 (UI 78.9-82.6) deaths per 100,000 in 2017, 45% of which were related to ischaemic strokes ( Table 2 ).
In 2017, stroke has imposed 132.1 (126.5 to 137.4) million DALYs lost globally (34% more than in 1990), 42% of which was related to ischaemic strokes, in particular, 6 
Modifiable predictors of stroke mortality
In 2017, 5.2 million stroke-related deaths and 116.3 million stroke-related DALYs lost worldwide were attributable to modifiable risk factors, less than half of which were observed for ischaemic strokes (Additional file 2: Table  S1 ). Since 1990, the mean age-standardised global (ischaemic and haemorrhagic) stroke mortality rates attributable to modifiable risk factors have declined by 34% (UI 30-37%), ranging from 23% in LMICs to 58% in HICs ( Table 3 and Additional file 4: Table S3 ). The agestandardised rate of global stroke deaths per 100,000 attributable to modifiable risk factors was 67.9 (UI 64.2-71.3) per 100,000 in 2017. This could be explained by improvements in quality of life and many SES determinants, particularly infrastructures, healthcare, and general awareness. However, some unhealthy habits of modern life have inevitably resulted in an increased stroke mortality rates attributable to some of the underlying risk factors, such as smoking, obesity, and alcohol drinking in less wealthy societies. Overall, there is a twofold to fivefold difference in stroke mortality rates attributable to modifiable risk factors between the most-affected and the least-affected SESspecific countries. Common predictors of stroke risk and mortality are discussed in the following and in Additional file 1: Text S1.
Hypertension
Globally, hypertension has remained the leading modifiable predictor of stroke mortality since 1990 irrespective of SES (Table 4 ). This is despite a 32.7% decrease in hypertensionattributed risk of age-standardised global stroke mortality rate from 1990 to 2017, which varied from 19.7% decrease in LICs to 61.7% decrease in HICs (Table 3 ). It has also remained the top predictor of stroke mortality in different countries being classified based on SDI (Table 4 ). In 2017, deaths related to ischaemic rather than haemorrhagic strokes attributable to high systolic blood pressure were more common among women than men (Additional file 3: Table S2 ). Overall, there is a 3.8-fold difference in rates of stroke mortality attributable to hypertension between the most-affected and the least-affected income category, from 59.1 per 100,000 in LICs to 15.4 per 100,000 in HICs.
Dietary risks
Poor dietary habits (i.e. a diet low in fibre, fruits, vegetables, legumes, whole grains, nuts and seeds, milk, calcium, or seafood, and high in red meat, eggs, processed meat, sugar-sweetened beverages, trans-fatty acids, or sodium) are globally the second leading cause of stroke mortality, irrespective of income levels or SDI (Table 4 ). However, from 1990 to 2017, there was a 36.7% decrease in dietaryattributed risk of age-standardised global stroke mortality rate, which varied from 28.7% decrease in LICs to 57.3% decrease in HICs (Table 3) . Overall, there is a 4.3-fold difference in rates of stroke mortality attributable to dietary risks between the most-affected and the least-affected income category, from 49.2 per 100,000 in LICs to 11.4 per 100,000 in HICs.
In addition, dietary risks can worsen the consequences of stroke. In particular, diets low in fruits, low in whole grains, low in vegetables, high in sodium, and high in sugar-sweetened beverages increase the likelihood of global stroke mortality ( Fig. 2) . Worldwide, there is a downward trend in stroke events attributable to dietary risks in different SES regions (Fig. 2) . The downslope became steeper in the UMICs since 2005, particularly in European and Western Pacific regions compared to the others. This suggests that better education on healthy diets is needed in these areas. It is also possible that the speed of deterioration in other cofactors may counteract the improvement in dietary risks.
Diabetes mellitus
Diabetes and glucose intolerance-related mortality is globally the third critical risk factor of stroke mortality in 2017 (Table 4 ). However, the age-standardised global stroke mortality rate attributable to diabetes mellitus has decreased by 25.0% from 1990 to 2017, which varied from 4.3% decrease in LMICs to 48.2% decrease in HICs (Table  3) . Overall, there is a 3.5-fold difference in rates of stroke mortality attributable to diabetes mellitus between the most-affected and the least-affected income category, from 27.1 per 100,000 in LICs to 7.8 per 100,000 in HICs. 27. 
Obesity
Obesity is globally the fourth most influential indicator of stroke mortality, which varies slightly between different SES (Table 4 ). Although the age-standardised global stroke mortality rate attributable to obesity has decreased by 3.8%, although non-significantly from 1990 to 2017, more prominently in HICs (44.0%), its risk increased in both LICs and LMICs by 17.1% (statistically not significantly) and 32.7%, respectively (Table 3 ). This is contrary to the higher proportion of obesity observed in HICs than LMICs [13] , which might be related to the occurrence of first stroke at younger ages in countries of lower-income levels ( Table 5 ). The obesity epidemic is just more recent in middle-income countries as compared to HICs, given the ongoing epidemiological and nutritional transition happening in LMICs. Overall, there is a 2.6-fold difference in rates of stroke mortality attributable to obesity between the most-affected and the least-affected income category, from 16.1 per 100,000 in UMICs to 6.1 per 100,000 in HICs. 
Smoking
Tobacco smoking became the fifth leading predictor of stroke in 2017 (Table 4 ). From 1990 to 2017, there was a 41.6% decrease in the age-standardised global stroke mortality attributable to tobacco, which varied from a 30.5% decrease in LICs to a 72.3% decrease in HICs (Table 3) . However, the highest tobacco-attributed stroke mortality rate has been observed in UMICs from 1990 to 2017, which holds the third place, after hypertension and dietary risks, among all modifiable risk factors in this specific income category. Overall, there is a 4.5-fold difference in rates of stroke mortality attributable to tobacco between the mostaffected and the least-affected income category, from 18.9 per 100,000 in UMICs to 4.2 per 100,000 in HICs.
Air pollution
Air pollution is globally the sixth leading cause of stroke death with no change in its rank from 1990 to 2017 (Table 4 ). Its attributable risk is higher in regions with lower SES. There is a downward trend in stroke mortality attributable to air pollution in all regions of the World Bank income levels, which is steep in LICs and in UMICs. This suggests improved general awareness in these regions, in particular. However, with regard to the SDI classification, educational attainment and society population do not seem to affect the attributable risk of stroke mortality due to air pollution (Table 4 ). Overall, the age-standardised global stroke mortality rate attributable to air pollution has decreased by 62.3% from 1990 to 2017, which varied from 33.0% decrease in LICs to 47.4% decrease in UMICs (Table 3) . Overall, there is a 1.9-fold difference in rates of stroke mortality attributable to air pollution between the most-affected and the least-affected income category, from 16.2 per 100,000 in LICs to 8.6 per 100,000 in HICs. In 2017, ambient particulate matter pollution and household air pollution from solid fuels were globally responsible for 10.5 and 5.9 million stroke-related DALYs lost and 444.9 and 231.8 thousand stroke-related deaths, respectively ( Table 6 ). Based on the age-standardised rates per 100,000 people worldwide, a third of the 2017 air pollution-related stroke mortality was attributable to household air pollution and two thirds of it was attributable to ambient air pollution. The portion of household air pollution dominates in LICs; it dramatically decreases in wealthier societies, in particular, UMICs and HICs, and increases in LICs and LMICs. Household air pollution is more common in females. Furthermore, in 2017, the attributable risk of haemorrhagic stroke was almost double that of ischaemic stroke worldwide.
Alcohol use
The global rank of stroke mortality related to alcohol drinking rose from the eighth rank in 1990 to the seventh in 2017 (Table 4 ). Although the age-standardised global stroke mortality rate attributable to alcohol use has declined by 13.5% from 1990 to 2017, particularly in HICs (70.7%), its risk increased in both LMICs (33.5%) and UMICs (3.8%) ( Table 3 ). In 1995, the rate of alcohol use had moved up one step to the seventh rank with no change in rankings later on. With regard to sex, no change in rankings of these predictors was observed in men during the 25-year period, while in women, the age-standardised rate of alcohol use has shown a two-step decline to the seventh rank in 2017.
Overall, there is a 5.3-fold difference in rates of stroke mortality attributable to alcohol use between the most-affected and the least-affected income category, from 11.1 per 100, 000 in UMICs to 2.1 per 100,000 in HICs.
Hypercholesterolemia
Hypercholesterolemia, particularly high LDL-C, became globally the eighth most important indicator of stroke mortality in 2017 (Table 4 ). From 1990 to 2017, the agestandardised global stroke mortality rate attributable to hypercholesterolemia decreased by 38.4%, which varied from 16.4% decrease in LICs to 64.0% decrease in HICs (Table 3 ). In societies of higher SES, it stands at a higher rank with regard to stroke mortality. Overall, there is a 2.8-fold difference in rates of stroke mortality attributable to hypercholesterolemia between the most-affected and the least-affected income category, from 9.2 per 100, 000 in UMICs to 3.3 per 100,000 in HICs.
Low physical activity
Low physical activity has globally remained the ninth modifiable indicator of stroke mortality since 1990, which is almost constant through the varying SES regions ( Table 4 ). SES can be a factor in determining levels and types of physical activity, as well as facilities accessed. Nevertheless, despite the proven association of low physical activity with stroke, there is a 37.3% decline in its attributable risk of the age-standardised global stroke mortality, varying between 22.4% in LICs and 59.8% in HICs (Table 3) . Overall, there is a 2.6-fold difference in rates of stroke mortality attributable to low physical activity between the most-affected and the least-affected income category, from 5.1 per 100,000 in UMICs to 2.0 per 100,000 in HICs.
Non-modifiable predictors of stroke mortality Age
Ageing is regarded as the most important predictor of stroke incidence and mortality, and thus, their rates increase by age ( Fig. 3 ). Older individuals with lower SES have higher stroke incidence [14] and mortality rates [15] . Earlier, it was estimated that approximately 90% of strokes occur above age 65 years, 75% of which is > 75 years [16] . By 2017, these rates have slightly changed: 88% of global strokes occur above age 65 years, 72% of which is > 75 years ( Table 5 ). This suggests that the age of stroke occurrence is declining and its incidence rate is increasing at younger ages. Compared to HICs, stroke prevalence at younger ages is higher in LICs (15.7% vs. 21.8% before age 65 years; 17.3% globally). In 2017, 96% of stroke-related deaths happened above age 65 years, 86% of which was > 75 years. There is also an almost twofold difference in DALYs lost at younger ages (i.e. lower than 65 years) between LICs and HICs (21.7% vs. 11.1%).
Sex
Risk of stroke and the risk factors differ between men and women, with almost no change in their attributed risk of stroke mortality from 1990 to 2017, particularly for tobacco use, alcohol use, obesity, and air pollution ( Table 2, Additional file 3: Table S2 , and Table 7 ). Underlying aetiology, risk factors, incidence, and outcomes of stroke vary substantially between men and women [17, 18] . Stroke occurs earlier (at 68.5 vs. 73.0 Data were extracted from [8] . Rates are defined per 100,000 people years) and more frequently in men (incidence 33% higher, and prevalence 41% higher) than in women [19] , while women have more severe strokes resulting in a higher 1-month stroke fatality (25% vs. 20%) [20] . Our results suggest a pivotal role for SES in sex-stratified age-standardised stroke mortality rates (Table 8 ).
Discussion
The results of the current study add to the body of evidence on existing disparities, gaps, and hurdles in stroke research, practice, and educational endeavours in different socioeconomic classes, countries, and regions. It appears that the age-standardised rate of stroke incidence and mortality is decreasing in all regions of varying SES (based on income-level or SDI), although more rapidly in wealthier societies. This influence is largely driven through commonly known modifiable stroke risk factors. In 2017, high systolic blood pressure and dietary risks were the top leading causes of stroke-related deaths and worldwide burden.
Among the 11 modifiable risk factors, alcohol had five times higher association with haemorrhagic strokes than ischaemic strokes. Further, the rates of stroke mortality and burden were significantly higher in lower SES regions compared with HICs. Likewise, the age-standardised stroke mortality attributable to potentially modifiable risk factors is declining in almost all regions, except for obesity and alcohol use. LICs hold the worst attributable risk of stroke mortality for hypertension, dietary habits, diabetes, and air pollution, and UMICs hold the worst attributable risk of stroke mortality for obesity, tobacco use, alcohol use, hypercholesterolemia, and low physical activity. Still, HICs have almost threefold lower rates of stroke mortality attributable to modifiable risk factors compared to all other income categories.
According to the last report of the global, regional, and national burden of neurological disorders, there has been a significant reduction in the age-standardised prevalence of stroke (10% decrease) and death (30% decrease) from 1990 to 2015 [1] . By 2017, according to the present study, the age-standardised rates of global stroke prevalence and mortality exhibited a 3% increase and a 33% decrease, respectively. This reflects the evolving nature of the GBD data and the changes in stroke burden worldwide. Based on the results of a meta-analysis of 12 population-based cohorts and case-control studies mainly in HICs, despite some limitations, reduced SES could explain more than 30% (95% confidence interval 16-48) of the stroke risk irrespective of classical vascular risk factors [21] . Based on another meta-analysis by Kerr et al. [21] , blood pressure, smoking, diabetes, lipids, atrial fibrillation, history of vascular disease, obesity, and physical activity were overall associated with an additional 30-40% risk. Table 8 Difference in ranks of age-standardised stroke mortality rate attributable to modifiable risk factors being stratified by sex in the World Bank (WB) low-income countries (LICs), lower-middle-income countries (LMICs), upper-middle-income countries (UMICs), and high-income countries (HICs) in 1990 and 2017 (extracted from [8] )
HICs high-income countries, LICs low-income countries, LMICs lower-middle-income countries, UMICs upper-middle-income countries, WB The World Bank Table 7 Differences in the ranks of age-standardised stroke mortality rate attributable to dietary risk factors being stratified by sex in 1990 and 2017 (extracted from [8] )
Nevertheless, more population-based studies have been conducted since then, which improved our understanding of the predicting factors [22] . For instance, an Australian population-based study of 3077 subjects with incident stroke between 1995 and 2003 proposed that improving the SES of the most deprived inhabitants could prevent up to one fifth of strokes [23] .
The disparity between stroke outcomes in LMICs and HICs can be partly explained by a combination of varying levels of general health awareness, access to healthcare, and preventative strategies starting from childhood [24, 25] . Stroke management is also challenging. Excessively increasing trends of urbanisation, pollution, smoking, obesity, less physical activity, having unhealthy diets, and ageing, particularly in LMICs, along with a much larger population with restricted access to health care may partially predict the increasing rates of stroke in these countries. This alarming increase necessitates a thorough investigation of all possible reasons, including SES determinants. Accordingly, despite many recent studies in LICs and LMICs [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] (Additional file 5: Table  S4 ), we cannot confidently generalise the association of common vascular risk factors with the risk and outcome of stroke in LICs and LMICs. There used to be a ten-fold difference in rates of stroke mortality and burden between the most-affected and the least-affected countries [37] . Currently, based on our findings, this has decreased to almost threefold, which is suggestive of a substantial improvement in healthcare, preventive measures, and therapeutic outcomes. However, we should acknowledge the scantiness of population-based studies in LICs and LMICs compared to UMICs and HICs.
According to the GBD 2015 [38] , there are regular shifts in stroke-related cause of death composition and population age structure with rising SDI (Table 4 ). Moreover, ischaemic heart disease, stroke, and diabetes are among the leading causes of premature mortality, measured as years of life lost, in most SES regions based on SDI [38] . The present study highlighted the necessity of country-specific and SES-stratified quantification of the risk of stroke attributable to each factor [22] .
